Introduction
Despite the enormous scale of global chemical production, decades-old US chemicals regulations have proven insufficient as health and environmental protections. Their effectiveness is critical to: each day, 34 million metric tons of chemical substances are produced in or imported into the US (US EPA, 2006), a figure that is projected to double in two decades (Figure 5 .1) (OECD, 2001, pp. 34-36; American Chemistry Council, 2003, p. 78) . All of these substances -or their degradation products -ultimately enter the earth's finite ecosystems. Many ecosystems that have been assumed to possess unlimited assimilative capacity are now suffering from exposure to both legacy and "emerging" chemical contaminants (Braune et al., 2005, pp. 4-56; Scheffer et al., 2001, pp. 591-96) . These effects can move beyond individual species to impact the ecosystem as a whole, illustrating the links between the chemical enterprise and global environmental problems (Stuart Chapin III et al., 1997, pp. 500-504; Vitousek et al., 2008, pp. 494-99) . Source: Wilson and Schwarzman (2009) 
As the environmental health sciences have evolved, US chemicals policy has lagged.
Based on outdated scientific evidence and insufficient public health protections, these policies likewise fail to reflect global regulatory changes and shifting societal priorities that -from climate change to chemical hazards -increasingly value precautionary decision-making (Gee, economic ties between California and the EU, including Europe's significance as an export market for California, make Europe's recent slate of regulations on chemicals particularly meaningful for the state. Within the US, California has historically set the benchmark in environmental regulation. True to form, the state's Governor took on the issue of chemicals policy in his landmark Green Chemistry Initiative, and in September 2008 the state legislature enacted two bills that take initial steps towards a more comprehensive chemicals policy. With California and the EU both tackling these issues, there is an opening for an exchange of best practices between the regions.
Biodiversity, ecosystem services and the chemical enterprise
Many ecosystems -and the diversity of organisms that support them -are in decline worldwide. Although models vary, it is estimated that in the last century human activities have caused between 100 and 1000 times more species extinctions than would have been expected from natural causes, and the rate of loss is projected to increase tenfold by 2050 (Millennium Ecosystem Assessment, 2005) . The chronic effects of background-level exposures to synthetic chemicals and pollutants -in combination with other stressors, such as climate change and habitat loss -can contribute to species' reproductive failure, disruption of food webs, population declines and ultimately the loss of both species and genetic variety (Bickham et al., 2000, pp. 33-51; Boxall et al., 2009) . A region's biodiversity determines many aspects of the productivity and sustainability of ecosystems (Secretariat of the Convention on Biological Diversity, 2006). Ecosystem integrity is fundamental to societal sustainability, not only through the inherent value of nature but also through the provision of "ecosystem services". The latter term describes the value to humans of nature's "services", such as crop pollination, soil generation, pest control, waste detoxification, reduction of air pollution and water contamination, the provision of food, fibre and medicine, and the mitigation of the effects of floods, droughts and temperature extremes (Daily et al., 2000, pp. 395-96) . Because biodiversity contributes to human well-being in the form of these ecosystem services, many of the advancements made possible by the chemical enterprise have come with a substantial societal cost (Landrigan et al., 2002, pp. 721-28; Muir and Zegarac, 2001, pp. 885-903) .
Role of the chemical enterprise
Chemical substances are enormously useful to society, having enabled many of the technological advances of the last half century. However their widespread use has also caused environmental contamination: hundreds of industrial chemicals and pollutants have been detected in people and in aquatic and terrestrial ecosystems around the world (US Centers for Disease Control and Prevention, 2009; Braune et al., 2005, pp. 4-56) .
In addition to the effects of industrial chemicals on human health, recent US studies have highlighted the potential contribution of chemical contamination to biodiversity loss in the form of habitat degradation and diseases in wildlife. An assessment of western US national parks found widespread chemical contamination of these ecosystems with persistent, bioaccumulative organic compounds -many of which are known to damage plants and wildlife. Furthermore, the study detected health effects associated with chemical exposure in several species (Landers et al., 2008) . Similarly, a study of bird eggs from populous and remote areas in the state of Maine found over 100 chemical contaminants known to cause detrimental health effects in animals.
ii These two studies found that contaminants originated from manufacturing processes as well as commercial products and were traceable to both regional and remote sources. Such studies (and others highlighting the concentration of contaminants in the Arctic) demonstrate that environmental contamination truly is a global issue; like greenhouse gases, synthetic chemicals do not respect national boundaries, nor are their effects confined to the areas of greatest production and use. As such, they require global solutions.
Role of precaution
Expanding global pollution by persistent, bioaccumulative chemicals raises the spectre of unwittingly passing harm on to future generations. Policies on chemicals should therefore aim at reducing the potential for harm, even where definitive evidence of cause-and-effect relationships is not yet established, as described by the precautionary principle (Raffensperger and Tickner, 1999) .
The degree of health protection afforded by a regulation depends on its theoretical basis, including the standard of evidence employed. These standards can range from the most precautionary 'scientific suspicion of risk', to the most stringent 'clear evidence of cause-andeffect' (see Figure 5. 3) (European Environment Agency, 2001) . Scientific evidence of the health and environmental effects of chemicals likewise exists along a continuum; evidence is generally not simply 'sound' or 'unsound', as some industry representatives have argued (Michaels, 2005, pp. 96-101) . As a result, regulatory decisions must be made despite scientific uncertainty. In order to operate feasibly but acurately within this uncertainty, decision-making tools need to balance efficiency, recognizing that perfect information is unobtainable, and a robust scientific basis. In a 1994 consensus resolution, the American Public Health Association argued that the lack of 'perfect information' should not be used as a reason for delaying policy decision-making (American Public Health Association, 2001, pp. 20-21) . This assertion recognized the difficulty of establishing proof of cause-and-effect relationships because of nonspecific health outcomes, long latency periods, disease endpoints detectable only by resource-intensive studies and the complex interactions of variables that contribute to disease. On this basis, the resolution espoused a precautionary approach: where there are threats of serious or irreversible damage to health or the environment, lack of full scientific certainty should not be used as a reason for postponing cost-effective measures to prevent environmental degradation.
Precautionary decision-making is a response to the contingent nature of scientific knowledge and the complexity of natural systems. It aims at reducing the likelihood, extent and severity of the surprises that can arise from scientific ignorance. This is distinct from prevention, which attempts to reduce risks only from well-established hazards (Gee, 2006) .
While the TSCA requires the US Environmental Protection Agency (EPA) to meet the highest evidentiary standard before regulating the use of a chemical, European chemicals policies have codified a more precautionary approach by switching from a "presumption of innocence" to a requirement that chemical producers provide hazard information for their products as a condition of sale.
A green chemistry alternative
Green chemistry is the science behind innovations to improve the inherent safety of chemicals and manufacturing processes, with the goal of preventing -rather than reducing or remediating -the impacts of chemical exposure and environmental contamination. In essence, green chemistry seeks to 'design out' health and environmental hazards, while reducing energy consumption, water use, hazardous waste production and the depletion of non-renewable feedstocks (Anastas and Warner, 1998) . Such a transformation in the material basis of products and manufacturing processes requires public policies that enable environmental agencies to identify, prioritize and take action on chemicals of concern, while increasing the value of safer technologies in the marketplace. To date, chemicals policies worldwide have not required sufficient transparency or accountability in the chemicals market to advance green chemistry innovation, but policy reform can be crafted to accomplish this goal ).
Gaps in US chemicals policy
The decades-old US chemicals regulation, the 1976 TSCA, has proven ineffective in protecting human health or the environment (US GAO, 2005) . The TSCA has prevented the basic process of identifying and prioritizing chemicals, has deprived the EPA of the market and regulatory tools sufficient to control the chemicals of greatest concern, and has failed to support the 
The data gap
The TSCA provides the primary legal framework for managing over 80,000 industrial chemicals. By comparison, all other federal statutes combined regulate just over 1000 chemicals and pollutants (Table 5 .1) (Dernbach, 1997, pp. 1-57) . Yet with few exceptions, the TSCA does not require producers either to investigate or to disclose information about chemical hazard The EPA has attempted to address the data gap through its voluntary High Production Volume Chemical Challenge Program, which encourages producers to submit 'screening-level' information for about 3000 chemicals produced or imported at more than 1 million pounds per year (450 metric tons).
iii This program, however, has met with only limited success (Denison, 2007) . Also lacking -at both the state and federal level -is information on the identity, volume, location or uses of chemicals in products or manufacturing processes. Likewise, there is virtually no record of their ultimate route of disposal or environmental fate. Source: Dernbach (1997) .
The safety gap
In addition to insufficient data requirements, the TSCA failed to grant the US EPA adequate authority to investigate or regulate chemicals of concern. The EPA has been virtually unable to control even known hazards: since the passage of the TSCA, the EPA has issued formal rules to regulate only 5 chemicals (or chemical classes) of the 83 000 substances in the TSCA inventory (US GAO, 1994) . By default, the EPA has resorted to voluntary measures to encourage the submission of data by industry, measures that have been largely ineffectual (Denison, 2007) .
Furthermore, the TSCA requires the EPA to prove that a chemical or product causes unreasonable harm to human health or the environment before the EPA can either request additional health or environmental data from industry or take protective measures. This effectively places the EPA in a "logical paralysis": to establish proof of a public health risk, agencies need health and exposure information that chemical producers are under no legal obligation to provide; to require this information, the EPA must first establish proof of a public health risk. In the absence of sufficient information, and without an effective legal framework, hazardous chemicals can enter the market and are competitive relative to potentially safer substances.
The technology gap
Transitioning from concept to the commercial application of cleaner technologies, such as green chemistry, often requires that a company undertake costly research, capital investments and the risks of being a leader in an emerging field. The market and regulatory weaknesses caused by the data and safety gaps, together with institutional inertia and minimal research investment, all make companies reluctant to take on these risks. This is producing a green chemistry technology gap that could place US producers at a disadvantage in this emerging global sector, while perpetuating the problems resulting from the manufacture, use and disposal of hazardous substances.
The data, safety and technology gaps engendered by the TSCA have produced conditions in the US chemicals market in which businesses, consumers, workers and government agencies lack the information to identify and mitigate the risks posed by hazardous chemicals. As a result, the public currently bears the human and economic burden of the health and environmental damage caused by synthetic chemicals.
California vs. the US
California has historically departed from the US federal approach to environmental policy, responding to complex problems with regulatory reforms that link economic development with The last of these, REACH, is the most comprehensive chemicals management regulation in the world. Its basis in the precautionary principle also makes it the most progressive regulation in protecting human health and the environment from the adverse effects of hazardous chemicals.
Structure of REACH
REACH requires manufacturers to register with the European Chemicals Agency (ECHA) any chemical produced or imported at more than one metric tonne per year (tonne per annum, or tpa). Over the ten-year registration phase, this is expected to make basic information available for an estimated 30 000 chemicals. More comprehensive hazard information will be reported for a subset of approximately 12 000 substances, with more extensive data required for chemicals produced in larger volumes. Some portion of the chemical hazard information submitted to the ECHA will be publicly accessible to residents of the EU, as well as to non-governmental organizations (NGOs) and foreign governments.
From the database of registered substances, EU member states will use hazard and exposure information to identify chemicals for further evaluation. Simultaneously member states and the ECHA can use the criteria for identifying substances of very high concern (SVHCs) to nominate chemicals for the list of candidate substances for authorization. xii The ECHA is then tasked with recommending to the European Commission priority substances from the candidate list whose uses will have to be individually authorized. The ECHA has published an initial candidate list of chemicals and has selected substances from the candidate list as priority substances to be included in Annex XIV of REACH. Annex XIV names the substances that will be subject to use-specific authorization, phase-out or substitution requirements (ECHA, 2008) . Both the candidate list and Annex XIV will grow as member states and the ECHA continue to propose chemicals for inclusion on the candidate list.
Impacts of REACH
The REACH Regulation codifies fundamental paradigm shifts in four ways, by i) legally 
4)
Prioritizing hazardous substances. The evaluation and authorization provisions of REACH create a process for identifying and prioritizing chemicals of concern. For the first time there are clear criteria for identifying particularly hazardous substances, and a requirement for manufacturers to either find substitutes or bear the burden of proving either that the chemical is safe or that suitable alternatives are unavailable. Anecdotal evidence suggests that publication of the candidate list, which in itself has limited regulatory consequences, is nevertheless triggering some companies to eliminate known hazardous chemicals from their portfolios in advance of regulation.
Potential limitations of REACH
In both its scope and its basis in the precautionary principle, REACH is truly a landmark
regulation. Yet decisions made during the implementation phase will determine much of its impact, giving rise to some potential limitations.
1) Data requirements that do not apply to all chemicals in commerce.
Chemicals produced or imported in quantities of less than 1 tpa per producer will not be subject to registration, the most basic requirement under REACH. Furthermore, only limited data are required for substances produced or imported at a volume of 1-10 tpa (an estimated 17 500 substances, or 60 per cent of those that are subject to registration).
2)
A constrained process for dossier review and validation. An electronic check of all dossiers submitted by chemical producers will confirm their completeness that, however only 5 per cent of dossiers in each tonnage band are required to be evaluated for compliance -a more thorough review of the relevance and accuracy of the data. While the burden of providing information on targeted chemicals has been put upon producers, evaluating the data quality could prove to be an enormous task for government. 
3)

4)
The thresholds set for regulating substances in articles. Chemicals in articles must only be registered if they: i) total more than 1 tpa per producer or importer, ii) are contained in articles in concentrations higher than 0.1 per cent weight by weight and iii) are intended to be released from the article during normal use. These limited thresholds may shield many potentially hazardous substances from reporting requirements (World Wildlife Fund, 2007).
5)
Restrained substitution requirements. Chemicals included in Annex XIV of REACH are in principle subject to mandatory substitution. Nevertheless if manufacturers can prove they can achieve "adequate control" for specific uses or if they can prove that there are no suitable alternatives and the socio-economic benefits of continued use outweigh the risks, companies may gain authorization for their continued use.
It remains to be seen how significantly these potential limitations will affect the ability of REACH to effectively protect human and environmental health and promote the development of safer alternatives to hazardous substances.
Policy implications
Global ecosystem contamination, biodiversity loss and threats to ecosystem services reflect the impacts of chemical and product management around the world. Implementation of the REACH regulation has informed and bolstered California's chemicals policy reform, as well as proposed reform to the TSCA; it has provided model methods and structures, and it has initiated change within a historically intransigent US chemical enterprise. By controlling access to European markets, REACH sets what may become a de facto global standard for information disclosure.
Additionally, its passage has brought economic pressures and an element of inevitability to discussions on chemicals policy in California and the US.
The state's strong economic ties with Europe make engagement with these policies unavoidable: in 2007, the EU reported that trade with and investment by the EU earns California $63 billion annually and supports over a million jobs in the state (EU Delegation of the European Commission to the USA, 2007). As an export market for California, the EU earns the state $28 billion annually, making it twice as large as Japan and China combined, and
California is the top US exporting state to Europe. xiv Multinational businesses must comply with EU regulations or risk losing critical markets. Similarly those regions with more len standards than the EU face the prospect of becoming markets for hazardous goods prohibited in Europe (Schapiro, 2007) . As a result, Europe's recent slate of policies addressing chemicals and products has significant implications for California's businesses. ient
Transatlantic learning to date
As important economic partners with similar health and environmental priorities, California and the EU have a history of collaboration on international issues. The EU has publicly recognized California as a policy leader and innovator in the US, particularly on the environment (Bruton, 2008) . During a 2008 visit to California, John Bruton, the EU's ambassador to the US, addressed members of the state legislature and signed a memorandum of understanding with the chancellor of the University of California, Berkeley, agreeing to support regulatory cooperation between California and the EU in areas such as biodiversity, climate change, green chemistry and waste management.
In crafting its new chemicals policy, California is already looking to Europe for regulatory models, chemical lists developed under EU directives and the data anticipated to become available under REACH.
Potential for continued transatlantic learning
With its Green Chemistry Initiative and passage into law of AB 1879 and SB 509, California has initiated the development a more comprehensive approach to chemicals policy. This is already producing a host of technical questions that will require new kinds of expertise, much of which is being developed in the EU. California's effort to lead the US in chemicals policy would be bolstered by cooperation with the EU, through technical consultation, strategy development and data exchanges.
Likewise, public and environmental health advocates in the EU stand to benefit if California, in its own chemicals policy, addresses the potential limitations of REACH.
California has the opportunity to respond to the pressure created by both internal problems (such as the health, environmental and economic consequences of the chemical enterprise) and external forces (EU requirements and global market demand). Done well, this has the possibility to i) fuel global demand for safer substances, thereby increasing the incentive for innovation in green chemistry, ii) contribute to improvements in human health, resource conservation and environmental protection and iii) shift the US towards a position of greater collaboration in international sustainability efforts.
Mechanisms for advancing transatlantic learning
California and the EU should pursue cooperation in a number of ways. California (through their importers or representatives in the EU) submit information to EU authorities, it will become increasingly untenable for those companies to withhold such data from Cal/EPA, the US EPA and the public. Although the US EPA has previously requested similar data from chemical producers, it lacks the legal authority to require disclosure, with the result that producers have submitted only limited information (Denison, 2007) .
Share information
1)
2)
Provide access to data on chemicals in articles. Regulations under development for California's chemicals bill, AB 1879, will enable identification of certain "chemicals of concern" in consumer products. If the criteria for these chemicals of concern include the SVHC criteria, Europe stands to gain significant information -beyond the scope of REACH -on the presence of SVHCs in common consumer products. A centralized access point for this information is essential if it is to serve the goal of reducing the use of the most hazardous chemicals.
3)
Enhance research collaboration. Both California and the EU are attempting to fill existing gaps in information about the health and environmental effects of chemicals.
Increasing international collaboration on the research questions asked -and data generated -by publicly funded research projects could eliminate redundancies and significantly speed these efforts.
4)
Share data on biomonitoring. While some member states have significant information from decades-old biomonitoring research, both California and the EU initiated new biomonitoring programmes in 2006 and 2004, respectively. xv Data generated by these programmes on human exposure to synthetic chemicals and pollutants will inform the process of prioritizing chemicals of concern. Furthermore, sharing data will enhance understanding of regional variations in chemical exposure and disease.
5)
Engage in collaboration with NGOs. European NGOs were given a formal role in the negotiations that produced the REACH Regulation. California can tap into their expertise.
For example, among the information available to both governments is the 'SIN List 
Conclusion
Synthetic chemicals and pollutants, including many endocrine disrupting chemicals, are now ubiquitous environmental contaminants, and evidence points to their association with human health and environmental impacts, such as chronic disease, and the decline in biodiversity and the provision of ecosystem services.
The EU has assumed global leadership -through enacting the REACH Regulation -in environmental stewardship and regulatory reform calculated to stimulate innovation in the design, production and use of safer chemicals and products. The US must now follow suit to improve human and ecosystem health, fuel global demand for safer substances, position the US to better satisfy that demand and boost the nation's participation in international sustainability efforts.
Within the US, California is beginning this task, in its historic role as a bellwether for the nation in environmental regulation. The launch of the state's Green Chemistry Initiative in 2007 and the two laws enacted in 2008 were the first steps towards a more comprehensive policy (Schwarzman and Wilson, 2008) . How these laws are implemented will determine whether California joins the EU or cedes to others both market share and the opportunity for putting into place critical environmental protection.
While the US has largely lost its stature as a global leader in environmental policies, California has built a reputation of tackling complex environmental issues with policy reforms that link economic development with improvements in human health and ecosystem protection.
The contrast between the existing federal chemicals policy and the new regulatory approach adopted by the EU offers an unprecedented opportunity for a two-way exchange between
California and the EU. Forging links with the EU will facilitate California's process and could provide EU policy-makers a footing for strengthening REACH in subsequent negotiations.
Transatlantic cooperation could thus speed the development of comprehensive new policies on chemicals, and in this respect California has the chance to play a leading role in addressing global environmental problems.
